A Langmuir monolayer trough that is equipped for simultaneous microrheology and standard rheology measurements has been constructed. The central elements are the trough itself with a full range of optical tools accessing the air-water interface from below the trough and a portable knife-edge torsion pendulum that can access the interface from above. The ability to simultaneously measure the mechanical response of Langmuir monolayers on very different length scales is an important step for our understanding of the mechanical response of two-dimensional viscoelastic networks.
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PACS numbers: 83.60.Df,68.08.-p,82.35.Pq 82.70.Gg, Soft-matter systems play critical roles both in technological applications and in biology. Most examples of soft matter are complex fluids, exhibiting both solid-and fluid-like responses. One of the challenges in soft-matter research is the quantitative understanding of such behavior. Complex dynamics are typically the result of complex structure spanning a range of length scales. Often, the large-scale response of the system depends in a non-trivial fashion on the interaction between mesoscopic structures in the system. The local response within one of these mesoscopic structures can be very different from the macroscopic response. For example, aqueous foam is composed of gas bubbles separated by liquid films. Measurements within a liquid film suggest the material is fluid. However, for applied stress below the yield stress, the macroscopic foam acts as a solid. Due to various additives, the liquid film itself may be viscoelastic, and the details of this "microscopic" response can, in turn, directly impact the details of the macroscopic behavior.
A system of great biological interest, for which length scales play an important role are semi-flexible polymer networks. Many structures in biology are composed of semi-flexible networks of protein filaments, such as the actin cytoskeleton, that are also connected with lipid membranes. The need to understand both the microscopic and macroscopic response of such a composite system provided much of the motivation for the apparatus we report on in this paper. The other motivation was the need to make measurements on a robust model system. For this, we have chosen to focus on Langmuir monolayers as a model for the lipid structures. Langmuir monolayers are single-molecule-thick layers of amphiphilic molecules at the air-water interface, and thereby resemble a half of a lipid bilayer which forms cell membranes. There exists a well-developed set of tools for studying their mechanical properties. This offers many advantages when pursuing mechanical studies, and it allows us to build on existing technology.
One can categorize the existing methods for measuring the viscoelastic properties of Langmuir monolayers according to the length scale probed by the technique. The more common techniques that probe the system on relatively large length scales include needle viscometers [1] , channel viscometers [2, 3, 4, 5] , the knife-edge torsion pendulum [6, 7, 8, 9, 10] , and light-scattering [11, 12] . Our group has also developed a Couette-style rheometer that expands on standard knife-edge torsion pendulum techniques [13] .
The first use of microscopic-scale local techniques in Langmuir monolayers was based on measuring relations between translational and rotational mobilities of particles diffusing in the monolayer [14, 15] . In this regard, a useful feature of Langmuir monolayers is their rich phase behavior, with the equivalent of gas, liquid, liquid crystal (often referred to as liquid condensed), and crystalline phases. Because they often exhibit phase coexistence, the domains of one phase can be used as the 'particles" to probe the properties of the other phase. For example, experiments have included measuring the diffusion of liquid crystalline domains [16] , and using liquid crystalline domains as particles for measuring velocity profiles [5] . More recently, Brewster-angle microscopy has been used to study the motion of the domains [17, 18] . Our apparatus uses microrheological techniques that rely on the introduction of tracer particles. It is based on similar techniques discussed in Ref. [19, 20, 21, 22] . However, as discussed in more detail later, we expand on these techniques in several ways.
In considering the design of an apparatus that can measure rheological properties on multiple length scales, we decided to pursue a modular design that combines two established rheological techniques: particle microrheology and the knife-edge torsion pendulum. Both of these measure the complex shear modulus, G * . In linear response, the complex shear modulus provides the connection between an oscillatory strain γ(ω) and stress σ(ω) as a function of the oscillation frequency ω through the relation: σ(ω) = G * γ(ω). The real part of G * is the elastic modulus and the imaginary part is related to the viscous response (i.e. energy dissipation in the system). The difference between the microrheology measurements and the knife-edge torsion pendulum is in the length scales being probed. Typically, microrheology uses micron-size beads embedded in the material and the torsion pendu- lum is on the order of mm to cm. We will briefly review each technique and discuss the design goals for each of these. Then, we will describe our apparatus in detail.
The most basic form of microrheology uses position fluctuations of tracer particles (typically micron sized spheres) embedded in the material as a probe [23, 25, 26] . The displacement of a single spherical probe is described by the standard Stokes-Einstein relation [24, 25] :
where G(ω) = −iωη is the complex shear modulus.
This method is termed passive microrheology because only the thermal force fluctuations experienced by the particles are used as the driving force. Our system is based on a procedure for determining the shear moduli that is fully discussed in Schnurr et al [23] . Essentially, one uses the fluctuation-dissipation theorem to relate the power spectral density of the thermal motion of the bead to the imaginary part of the complex response function α ′′ (f ). When measuring α ′′ (f ) over a large enough frequency space, a Kramers-Kronig integral can be used to recover the real part of the response function α ′ (f ), and the total complex response function α(f ) is then related to the complex shear modulus G(f ) = G ′ (f ) + ıG ′′ (f ) by the generalized Stokes-Einstein relation (GSER):
Therefore, a critical design element in the system is the ability to measure over a wide range of frequencies. This will be discussed in the detailed description of the apparatus. The final key experimental component for the microrheology is the use of optical tweezers to trap the probe particle [27] .
The knife-edge torsion pendulum method is well established to probe viscoelastic properties of surface layers on air-water interfaces. Essentially, one suspends a Teflon disk with a knife-edge at its circumference in the monolayer. The disk is driven with a known applied torque, which corresponds to an applied stress for the monolayer. The angular response of the disk corresponds to the strain response of the monolayer. One must correctly account for the contribution of the fluid-subphase, and the details of this are given in Ref. [10] . The key elements in this case are the driving mechanism and the measurement of the rotation angle. For the application discussed here, it was necessary to adopt a design that could be easily integrated with the microrheology technique.
To achieve the integration of the knife-edge torsion pendulum with the microrheology technique required the design of a new Langmuir monolayer trough with full optical access from below and the adaptation of our existing knife-edge torsion pendulum. Access from below was necessary for the optical tweezers and particle tracking in order to harness the full power of microrheology. In addition, for added flexibility, we provided access from below for a fluorescence microscope so as to leave space above the monolayer for the knife-edge torsion pendulum. The main mechanical adaptation necessary for the knife-edge torsion pendulum was the design of a modular unit that can function as a stand-alone device. This makes it possible to remove the device for the use of additional tools in combination with the optical tweezers. It has the added benefit that the knife-edge torsion pendulum can be used and calibrated in a separate miniCouette rheometer. We will first describe the Langmuir trough and integrated microrheology apparatus and then we will separately discuss the design of the stand-alone knife-edge torsion pendulum. The combination of the two techniques into one instrument creates a powerful, high-precision instrument capable of exploring mechan-ical properties of surface films that were previously not accessible.
The integrated Langmuir trough consists of three optical instruments and a surface tensiometer. Figure 1 provides two view of the apparatus, and Fig. 2 is a schematic of the overall apparatus. Details of each portion of the apparatus are provided in the following sections. The integration of these systems into one master instrument allows us to simultaneously image and mechanically manipulate surface films in the Langmuir trough and track embedded particles. A number of the components are standard equipment for Langmuir monolayer troughs. For example, a commercial surface pressure sensor [28] is used to characterize the phase of the monolayer. A typical isotherm is illustrated in Fig. 3 for a DPPC monolayer. Due to space and cost constraints, we have chosen to use a custom built fluorescence microscope that images the monolayer from below instead of mounting the system on a full commercial fluorescence microscopic (see Fig. 4 ). Fluorescence microscopy is essential to be able to specifically detect molecules at the interface that can not be detected using standard bright-field microscopy. Selected populations of molecules in the sample (in our case lipids and/or actin) are modified by chemically attaching a fluorophore.
In our optical configuration, we use a mercury arc lamp [29] combined with appropriate excitation filters mounted in a filter wheel, to excite fluorescence, and the corresponding emission filters on a filter wheel connected to our intensified CCD camera [30] to detect fluorescence. This configuration allows us to use different fluorophores during our experiments and thus allows us to selectively image different components of our sample. The 2 filter cubes we have currently installed are the FTIC and rhodamine filters. One particularly useful application of this capability is to use one fluorophore for the lipid monolayer (such as Bodipy) and to use another fluorophore The basic principle of an optical tweezer is to focus a reasonably high-powered laser to a diffraction limited focus. The light intensity gradient creates a force on objects of a higher index of refraction than the surroundings. The two basic components of an optical tweezers are thus a laser [31] and an objective lens [32] (see Fig. 5 ). The objective lens should have a high numerical aperture to create a steep enough intensity gradient [33] . The water immersion objective lens we use for our optical tweezer system has a numerical aperture of 1.0 and a working distance of 1.5 mm.
Additional optical components were added to the laser/objective lens system in order to control trap strength and to allow us to steer the trap location in the sample. An optical isolator prevents backscattering which can cause laser instability. A beam expander increases the beam diameter 4-fold in order to use the maximal numerical aperture by filling the back aperture of the objective lens. Two 100 mm focal length lenses form a telescope for beam steering. The first lens is mounted to an 3-axis translation stage. Translation of this lens steers the trap location in 3 dimensions within a range of several microns in each axis. An example of an image of a particle in the trap (using the Fluorescence microscope) is shown in Fig. 6 A key element of the microrheology system is the particle displacement measurement. The thermal position fluctuations are close to and beyond the limits of the spatial optical resolution that can be achieved with standard video particle tracking. In addition, the frame rate of the CCD camera used for fluorescence microscopy is limited to a range of 10-100 Hz. This imposes a limit on the range of frequencies over which the complex shear modulus can be determined by video particle tracking. Using the quadrant diode based displacement detection system described in the next section (see Fig. 7 ), we can probe the frequency response of the system up to 100 kHz.
The back-scattered laser light from the trapped particle is imaged onto a quadrant photodiode in a method similar to Helfer et al [34] . When forward-scattered light can be collected, one can use back-focal plane interferometry [36? ]. In our case, we have no optical access from above and therefore use backscattered light. The detection optics consists of a beam splitter, imaging lenses, a 45 0 degree 1064 nm laser line mirror, and a quadrant photodiode [35] . The beam splitter is used to reflect some of the back-scattered laser light from the trapped particles into the imaging optics. The lenses are positioned to form an image of the particle on the quadrant photodiode with a final magnification of 100X. The laser line mirror is used both as a filter to prevent any visible light from the fluorescence imaging from reaching the quadrant photodiode and to center the back-scattered light onto the quadrant photodiode. In addition, the laser line mirror protects the CCD camera from being damaged by the backscattered laser light. The quadrant photodiode then records the position of the particle with high spatial and temporal resolution in terms of the four output photo-currents. The sampling frequency is typically 66 kHz and the number of points sampled is 2 n , in order to use fast fourier methods for data analysis.
The use of backscattered laser light means that we are photon limited and that our measurements can not quite achieve the performance of interferometric based systems [37, 38] . However, this optical system allows us to expand on previous measurements of static viscosity and drag coefficient measurements for monolayers [20, 22] into a significantly larger frequency range. A set of data is shown in Figs. 8,9 , and 10 for the power spectral density, elastic modulus, and loss modulus, respectively of a one micron diameter bead in a DPPC monolayer at a surface pressure of 6 mN/m. Because we have designed the main elements of the microrheological methods to probe the system from below the trough, we can access the surface of the water with a standard torsion, knife-edge device. For this, we have constructed a removable device. Figure 11 shows a schematic. The key elements are the suspension of a circular Teflon disk by a torsion wire. The support for the disk also contains a magnet coil (green rectangle in Fig. 11 ). This coil is situated within a larger coil that generates a magnetic field, indicated by the x's in Fig. 11 . There is additionally a fixed magnet attached to the coil on the disk support.
The coils serve a dual purpose. With the coils, we are able to both measure the angular position of the disk and provide an external torque to the disk to drive it at a defined frequency. The details of measuring the complex shear modulus with this method are provided in Ref. [10] . The coils and torsion pendulum match the specifications reported in Ref. [13] . We have modified the support structure to allow for portability of the device. The primary motivation for building this apparatus was the need to measure properties of Langmuir monolayers and monolayer-protein complexes simultaneously on multiple length scales. It is worthwhile to briefly discuss another important capability of this system. Using the Teflon disk, one can apply a known macroscopic strain to the system. One can then use the microrheology measurements to determine the effect of strain on the local linear response of the samples. In other words, one can probe the linear response of a system that has been put in a non-linear state by external strain. 
